ABSTRACT: Effects of principal stress rotations are important features of granular materials. Experimental data obtained in directional shear cell experiments for dense sand are re-analyzed and re-evaluated in terms of distortional (shear+deviatoric responses) and volumetric behaviors. Principal stress rotations in loading cause greater initial contraction but greater dilation in further shear deformation. In particular, principal stress rotations in unloading cause relatively greater contraction. The mechanisms of principal stress rotation effects on sand behavior are illustrated and interpreted. Rotations of principal stresses can mobilize more sand particles in various orientations facilitating particle rearrangement. Therefore, principal stress rotations cause greater contraction if sand tends to contract under shear but greater dilation if sand tends to dilate under shear. Loading and unloading with significant principal stress rotations are common stress states for underground soils during non-proportional foundation loading, excavation, and tunneling. The effects of principal stress rotations on the volumetric behavior of sands are important phenomena when analyzing settlements in the field involving these geotechnical problems.
Introduction
The magnitudes and directions of principal stresses change simultaneously for most soil elements in ground during geotechnical construction processes. Additionally, wave loading, traffic loading, and earthquake loading also induce principal stress rotations. Reference 1 analyzed a braced excavation in deep normally consolidated clay and showed that the underground stress paths had significant principal stress rotations. Ignoring principal stress rotations might lead to underestimated settlements. The principal stress rotations are also associated with anisotropy, which can be distinguished as inherent and evolving anisotropy. The inherent anisotropy is caused by sedimentation while the evolving (also called stress-induced) anisotropy is induced by inelastic deformation. It is widely recognized that due to inherent anisotropy, strength and stiffness decrease as the principal stress direction departs from the deposition direction [2] . On evolving anisotropy, the fabric of sand changes with the increase of axial strain mainly by sliding in preferred directions along unstable contacts, and partially by the rolling of grains to make both preferred re-orientation of long axes of grains and increased contact surfaces perpendicular to the major principal stress direction [3] . As the evolving anisotropy develops during construction, different responses can be generated depending on the level of principal stress rotations and the magnitude of stresses. Therefore, it is of great importance to understand the effects of principal stress rotations on soil behaviors.
Conventional laboratory apparatuses have been widely used for probing strength and stiffness anisotropy. For the past two decades, many laboratory tests have been conducted using hollow cylinder apparatus (HCA) and directional shear cell (DSC) to mimic field loading condition and investigate soil anisotropy. Both HCA and DSC can control concurrently the directions and magnitudes of principal stresses. However, experiments using HCA cannot avoid the initially inherent bedding anisotropy of soils and the intermediate principal stress parameter b, b = ͑ 2 − 3 ͒ / ͑ 1 − 3 ͒, in HCA experiments is often controlled as 0.5. On the other hand, the DSC is a plane strain apparatus operated under stress control and is capable of measuring both normal and shear displacements [4] . Studies have shown that due to the stress-induced anisotropy and principal stress rotations, significantly large strains were observed than in conventional tests. In addition, the more the principal stresses rotate, the less stiffness and the greater contraction the soil exhibits [4] [5] [6] . Furthermore, cyclic rotations of principal stresses cause a tendency toward compaction [7, 8] or pore water pressure build-up under undrained conditions [9] [10] [11] [12] . Evolving anisotropy has significant effect on stiffness but no pronounced effect on ultimate strength in sands and clays [5, 6, 13] . The non-coaxiality of principal stresses and principal plastic strain increments under principal stress rotations has been noted [8, [14] [15] [16] . It becomes most pronounced under pure stress rotations, in which principal stresses rotate with constant magnitudes of principal stresses.
In this paper, we re-analyze the DSC testing data done by Refs 17 and 18 and re-evaluate the stiffness and volumetric behaviors of medium dense sands. These experiments were performed in such a way that the effect of deposition packing was eliminated by the position and orientation of the specimens with their deposit layers consistent with the plane of shear. The mechanisms of the principal stress rotation effects on sand behavior are illustrated and interpreted. Underground soils are often subjected to loading or unloading with significant principal stress rotations in practical geotechnical engineering. The effects of principal stress rotations are important phenomena in the analysis of ground settlement. In the analysis of conventional laboratory testing data, we typically present them in the principal frame format, which is coaxial for principal stresses and strains. As plastic behavior develops under a given stress path, the subsequent principal stress rotations would cause the non-coaxiality of principal stresses and strains. As shown in Fig. 1 , X and Y planes represent stress states and the corresponding strain states in the Mohr circles for stress and strain, respectively. Therefore, is the angle between the Y plane and the major principal plane (PP) with respect to stress, and Ј in the angle between the Y plane and the major PP with respect to strain. When = Ј, the condition of coaxiality is met.
From the X and Y planes on the Mohr circles, the following relationships can be derived:
In plane strain condition, the secant shear modulus is defined as G sec = yx / ␥ yx . From Eqs 1-4, we will get
where G sec SP , G sec PP , and G sec DP denote the secant shear moduli in shear plane, PP, and deviatoric plane, respectively (shown in Fig. 2 ).
When coaxiality is met, the secant shear modulus calculated from the stress-strain response on the PP is identical to those calculated based on the shear and deviatoric stress-strain responses on the X and Y planes.
In the following discussion, the DSC data from Refs 17 and 18 are re-interpreted and in particular, shear stiffness is re-evaluated based on coordinate-dependent shear and deviatoric responses instead of the stress-strain responses in the principal frame. The effects of principal stress rotations on sand in terms of deviatoric and volumetric behaviors are clarified.
Principal Stress Rotation during Loading
Reference 18 performed experiments on U.S. Silica F-75 quartz sand (Ottawa sand), a fine sub-rounded to rounded material. Specimens were prepared at a relative density of 72 % and were thus characterized as medium dense sand. The imposed stress paths are shown in Fig. 3 . The specimens were subjected to threedimensional isotropic stress levels of up to 51.7 kPa at point A, followed by a deviatoric stress ͑ 1 − 3 ͒ / 2 increased in plane strain up to 27.6 kPa at point B under the same two-dimensional mean stress ͑ 1 + 3 ͒ / 2 of 51.7 kPa. After point B was reached, stress probing paths, which represent different fixed directions of principal stress increments were imposed and resulted in continuous rotations of principal stresses under the same mean stress of 51.7 kPa. All the paths end at approximately the same magnitude of deviatoric stress with largest rotations of principal stresses along path 90 and no rotation along path 0. Note that the real rotation angle of principal stresses on a specimen is one-half of the rotation angle shown in Fig. 3 . That is, at the end of path 90, the specimen is subjected to a stress state with principal stress rotation of 22.5°. In addition, in the coordinate system involving ͑ y − x ͒ / 2 and yx , the distance from the origin to the point of a stress state is the magnitude of deviatoric stress
Along the stress paths after point B in Fig. 3 , different responses are obtained in the loading with principal stress rotations. The results show that larger rotations of principal stresses cause larger plastic and total deviatoric strain (Fig. 4) . Furthermore, it is apparent that the dilation angle in plane strain condition ͓ = sin −1 ͑␦ V / ͑␦͑ 1 − 3 ͔͒͒͒ is affected by the rotations of principal stresses. The flat volumetric response along path 90 may be due to failure of the specimen. In spite of the response curves shown in , we cannot judge that the overall shear stiffness decreases as the principal stresses rotate due to the non-coaxiality between principal stresses and principal strains. The principal stresses start to rotate at ͑ 1 − 3 ͒ / 2 = 27.6 kPa, and the larger the principal stress rotations, the larger deviation of principal stress axes and principal strain axes (Fig. 5) . The deviations at small deviatoric stress levels may be caused by unstable deformation or measurement error due to small deformations of specimens. It is necessary to present the distortional response in terms of the shear and deviatoric responses with respect to X and Y planes. Unlike responses to monotonic loading, the two responses are not consistent (Fig. 6 ). In the shear response, the larger the rotations of principal stresses, the greater the stiffness exhibited. On the contrary, in the deviatoric response, the larger the rotations of principal stresses, the less the stiffness exhibited. Accordingly, we should not draw any firm conclusion as to the influence of principal stress rotations on overall shear stiffness along these paths. They may yield similar overall shear stiffness. The volumetric response is apparently influenced by principal stress rotations in the loading. Figure 7 shows the trend that larger rotations of principal stresses cause greater initial contraction but earlier onset of dilation and greater dilation afterwards. The principal stresses begin to rotate as the deviatoric stresses exceed the dotted line. Reference 17 conducted experiments on Leighton Buzzard sand with a wide variety of different sets of stress paths, some of which were similar to those in Astaneh's experiments. The specimens had the same initial relative density of 72 % as in Astaneh's experiments. They were initially subjected to an isotropic stress state of 34.5 kPa at point A, followed by a deviatoric stress to points B or C under the same two-dimensional mean stress ͑ 1 + 3 ͒ / 2 of 34.5 kPa (Fig. 8) . Afterwards, deviatoric stresses increased in various directions under the same two-dimensional mean stress. The phenomenon that rotations of principal stresses cause greater contraction is also found in Alawi's experiments (Fig. 9) . Along path BD, there are rotations of principal stresses, and hence it yields greater contraction and earlier onset of dilation than path BC, where there are no rotations of principal stresses.
Principal Stress Rotation during Unloading
In Fig. 10 , paths DE, BF and CG are the unloading paths, in which the deviatoric stresses drop from approximately the same level. 
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Path DE represents no principal stress rotations, and path CG yields larger rotations of principal stresses than path BF, when the reductions in deviatoric stresses are the same. Rotations of principal stresses barely influence the shear stiffness but apparently influence volumetric behavior. Figure 11 shows that larger principal stress rotations in unloading cause greater contraction in same reduction of deviatoric stresses from points B, C, and D. This observation is also consistent with the theoretical modeling by Ref 19. 
Interpretation and Discussion
From experimental observations, it is clear that rotations of principal stresses influence volumetric behavior of dense sand both in loading and unloading. When subjected to loading, dense sand shows initial contraction and dilation afterwards. Rotations of principal stresses can cause larger contraction or larger dilation depending on the levels of deviatoric stress. On the loose sand behaviors, we can deduce that loose sand contracts more when subjected to rotations of principal stresses in loading, Fig. 12 explains soil behavior in terms of microscopic viewpoints. The deformation of a soil element is thought of the combination of the deformation of each layer in various orientations [20] . In plane strain condition as in Fig. 12 , the soil element is divided to 18 layers. According to the shear and normal stresses on a plane, we can calculate the mobilized friction angle on that plane or in the layer containing that plain. The soil element is initially loaded to a deviatoric stress of 200 kPa at stress state B. The mobilized friction angles in various layers are shown in Fig. 12(b) . It is well known in macroscopic viewpoints that contraction is the only volumetric behavior when loose sand or dense sand with high confinement is subjected to deviatoric stress, and the greater the deviatoric stress or the mobilized friction angle, the greater the contraction exhibited. Analogously, the larger the mobilized friction angle in a layer, the greater the contraction in the layer. Following path BC, the deviatoric stress is increased to 280 kPa without principal stress rotations. At stress state C, the mobilized friction angles in various layers increase, and the sand element contracts more than at stress state B (Fig. 12(c) ). Along path BD, deviatoric stress also reaches to 280 kPa yet with principal stress rotations. The mobilized friction angles in various layers at stress state D are shown in dark shadow in Fig. 12(d) . The rotations of principal stresses result in unloading or decrease of mobilized friction angles in certain layers shown as the light shadow, which reflects the mobilized layers or friction at stress state B. The particle rearrangements or contractions in those layers do not rebound to initial states with the unloading in those layers caused by the principle stress rotations. The volumetric behavior of sand is a consequence of sliding, rotation, and rearrangement of sand particles. Despite the same level of increase in deviatoric stress, rotations of principal stresses mobilize more layers and facilitate rearrangement of sand particles, which leads to greater contraction for loose sand and greater initial contraction but greater dilation afterwards for dense sand. That is, principal stress rotations cause greater contraction if sand tends to contract under shear but greater dilation if sand tends to dilate under shear, depending on the state of sand, including its void ratio and stress level.
Summary and Conclusions
The DSC experimental data for dense sand are analyzed in terms of distortional and volumetric behavior. Rotations of principal stresses in loading cause larger deviatoric strain ( 1 − 3 or ␥ max ) and more initial contraction but greater dilation afterwards. On the other hand, rotations of principal stresses in unloading cause greater contraction. Rotations of principal stresses can mobilize more sand particles in various orientations facilitating the rearrangement of sand particles. Depending on the state of sand, principal stress rotations cause greater contraction if sand tends to contract under shear but greater dilation if sand tends to dilate under shear. The effects of principal stress rotations on loose sands are more detrimental to settlement consideration, as loose sands exhibit only contractive behavior when subjected to shear. Principal stress rotations are features related to deformation of soils, especially to displacement, lateral movement, and settlement of ground. Despite the general concept that soils exhibit more or less elastic behavior in unloading, principal stress rotations in unloading can cause relatively greater contraction. Loading and unloading with significant principal stress rotations are common stress states for underground soils during non-proportional foundation loading, excavation, and tunneling. Ground settlement relates to not only the soil-structure interaction but also the soil behavior itself under these particular stress paths. Under these situations, soil elements, specifically for loose soils, exhibit greater contraction than we expect and play important roles in the analysis of ground settlement.
